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　　Abstract: T he pack ing den sity of depo sited op t ica l th in film s is u sua lly ca l2
cu la ted by the varia t ion of index values in vacuum and in a tm o spheric hum idity.

In ou r IAD experim en ts,w e found tha t the pack ing den sity of som e film s ca lcu2
la ted by th is m ethod is la rger than 1. 0. T h is m ean s its st ructu re is den ser than

tha t of am o rphou s na tu re. T he reason fo r th is is it has a st rong com p ressive

stress in film. W e also found tha t the w avelength sh if ts of som e film s depo sited

by IAD don′t have a dependence upon the pack ing den sity becau se they have dif2
feren t m icro structu ra l un ifo rm ity under d ifferen t p rocess param eters. T he pack2
ing den sity and den sity un ifo rm ity coefficien t depo sited by EB and IAD w ith d if2
feren t p rocess param eters are ca lcu la ted and analyzed. T he m icro structu res of

the film w ere invest iga ted by m ean s of SEM.

Key W ords: Op t ica l T h in F ilm , Pack ing D en sity, D en sity U n ifo rm ity, M i2
cro structu re.

光学薄膜的堆积密度及密度均匀性的分析与计算

唐　骐　菊池和夫
(新科隆株式会社,东京　14028540)

　　摘要: 光学薄膜的堆积密度通常是利用薄膜在真空及大气中折射率的变化来计算, 在

IAD 实验中,我们发现有些薄膜的堆积密度大于 110,这意味着薄膜的密度比自然界中的材料

密度还要密积,原因是薄膜具有较大的内压应力,我们还发现了薄膜的波漂不依从于堆积密

度。这是因为它们在不同的蒸发条件下具有不同的密度均匀性,在用EB 及不同条件的 IAD 的

情况下,我们计算并分析了堆积密度及密度均匀系数,并用 SEM 观察了薄膜的微结构。

关键词:光学薄膜,堆积密度,密度均匀性,微结构。

1　 In troduction

A w ater so rp t ion phenom enon in op t ica l coa t ings has been understood. T he pack ing den2
sity of depo sited op t ica l coa t ings is grea t ly affected by the m icro structu re. Since ion2beam

techn iques w ere app lied in op t ica l coa t ings , a den se film can be ob ta ined to im p rove the
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environm en ta l stab ility. To dist ingu ish these p ropert ies, the pack ing den sity P is u sua lly

adop ted [ 1, 2 ]. T he depo sited op t ica l th in film can be divide in to tw o parts, one, the im penetra2
b le skeleton (so lid) part of the film con sist ing of the depo sited film m ateria l, and the o ther

the po re (vo id)part. T hen, the pack ing den sity is defined as:

P = (volum e of the solid p a rt of the f ilm ) ö( tota l volum e of the f ilm ) 1 (1)

T he theo ry and resu lts of experim en t show the fo llow ing m odel: In the film grow th du r2
ing depo sit ion w ithou t the ion2beam bom bardm en t, sm all st ructu ra l nuclei such as the nucle2
u s fo r la ter grow ing dendrites are fo rm ed at f irst and then the vo ids appear in the film s a2
m ong these nuclei of app rop ria te size. D u ring fu rther film th ickness grow th, the st ructu ra l u2
n its tend to clu ster in to la rger group s. T he vo ids in the group are clo sed, such tha t la rger

vo ids appear am ong the group s ra ther than the dendrites, and these group s of dendrites fo rm

the ob served co lum n s. In the film grow th du ring depo sit ion w ith the ion2beam bom bardm en t,

since bom bardm en t of the energet ic ion acts as the d isp lacem en t effect and the p rom o tion ef2
fect of m igra t ion fo r adheren t a tom s o r m o lecu les, the film m icro structu re w ill be im p roved,

and the pack ing den sity w ill be h igher.

How ever, the pack ing den sity ca lcu la ted by equat ion (1) is d iff icu lt to so lve. In case of

the op t ica l th in film s igno ring the ab so rp t ion, it is u sua lly ca lcu la ted by the film index in vac2
uum and in a tm o spheric hum idity. In th is experim en t,w e found tha t som e film s depo sited by

IAD are w ith a pack ing den sity la rger than 1. 0, and som e do no t show a dependence of w ave2
leng th sh if t upon pack ing den sity. T hese phenom ena w ill be exp la ined, and the new defin i2
t ion s of rela t ive pack ing den sity and den sity un ifo rm ity w ill be in troduced in th is paper.

2　An Ana lysis and Ca lcula tion of the Optica l Th in F ilm Pack ing D en sity

To ob ta in the va lue of the pack ing den sity, tw o m ethods have been in troduced [ 1 ]. O ne is

by a scann ing spectrom eter, and the o ther by a quartz crysta l m icroba lance. T he scann ing

spectrom eter has been ex ten sively in u se recen t ly. Som e calcu la t ion m odels are described by

K ino sh ita and N ish ibo ri[ 3 ] adop t ing a non2st ructu ra l m odel w here the film w ill be com po sed

of the skeleton, i. e. so lid part and vo ids, Chop ra et a l. [ 4 ] , B ragg and Poppard [ 5 ] , and respec2
t ively show ing the fo llow ing:

P = (n- nv ) ö(nb- nv ) (2)

P = [ (nb
2+ 2) (n

2- nv
2) ]ö[ (n

2+ 2) (nb
2- nv

2) ] (3)

P = [ (nv
2+ nb

2) (n
2- nv

2) ]ö[ (nb
2- nv

2) (n
2+ nv

2) ] (4)

w here nb, nv , and n are bu lk, vo id, and film refract ive index, respect ively. In vacuum , nv = 1 and

n can be ca lcu la ted u t ilizing the da ta ob ta ined by a spectrom eter. Fo r the pack ing den sity,

V ariou s k inds of m ateria l by changing five d ifferen t param eters w ere ca lcu la ted by O gu ra [ 1 ].

A ll the resu lts of pack ing den sity are less than tha t of un ity. How ever, in case of a p rocess

w ith the p resence of energet ic ion s, there are som e un so lved p rob lem s in equat ion s (2)～ (4) 1
Fo r exam p le, in the IAD p rocess w ith oxygen ion bom bardm en t experim en ts, an index of

am o rphou s Sio 2 f ilm w ith excellen t sto ich iom etry can be ob ta ined a t h igh values of abou t
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1. 476 at 550 nm than w ith the bu lk index value of SiO 2, 1. 460 at 550 nm , g iven by J. R.

P ilipp [ 6 ]. In sert ing the th in film index and bu lk index of SiO 2 in to equat ion s (2)～ (4) yields

va lues of P a t 1. 035, 1. 030, and 1. 026, respect ively. A ll the resu lts of pack ing den sity are

la rger than un ity. T h is phenom enon does no t on ly appear in the case of SiO 2 f ilm , bu t a lso in

a lm o st a ll d ielectric f ilm s, part icu la rly tho se ob ta ined by ion2beam o r p lasm a assisted depo si2
t ion. A po ssib le exp lana t ion is tha t the film is very den se w ith a la rger in terna l com p ressive

stress.

A no ther p rob lem is how to determ ine the bu lk index n fo r an am o rphou s m ateria l tha t

does no t ex ist in na tu re o r never invest iga ted befo re. Fo r exam p le, in the case of T iO 2 f ilm , its

bu lk index is very d iff icu lt to determ ine. O n the o ther hand, T iO 2 f ilm is po ssib le of the index

values from 2. 18 to 2. 65 a t the w avelength of 550nm depo sited by variou s m ethods[ 7～ 9 ]. Fo r

ca lcu la t ing the pack ing den sity in th is case, an arb it ra ry bu lk index value is suppo sed and de2
f ined as the rela ted bu lk index. If set t ing the rela ted bu lk index value of T iO 2 to 2. 50 o r 2. 70

a t a w avelength of 550nm , the co rresponding evapo ra ted film indices are set a t 2. 180, 2. 285,

2. 365, and 2. 650. In the case of the rela ted bu lk index value of 2. 50 and u sing equat ion (4) ,

the pack ing den sit ies w ith respect to the above T iO 2 f ilm indices are 0. 9008, 0. 9370, 0. 9621,

0. 9987, and 1. 0367, respect ively. T he ra t io s of their pack ing den sit ies are 0. 8689: 0. 9038:

0. 9280: 0. 9633: 1. 0. In the case the bu lk index value is 2. 70, the pack ing den sit ies of the

above film indices are 0. 8597, 0. 8943, 0. 9182, 0. 9531, and 0. 9894, respect ively w ith ra t io s of

0. 8689: 0. 9038: 0. 9280: 0. 9633: 1. 0. T hu s, they yield the sam e ra t io s though they have dif2
feren t pack ing den sit ies ca lcu la ted by differen t bu lk ind ices. T he sam e resu lts can be ob ta ined

by equat ion s (2) and (3). T herefo re, the pack ing den sity can be defined as rela t ive pack ing

den sity.

3　An Ana lysis and Ca lcula tion of the Optica l Th in F ilm D en sity Un iform ity

In acco rdance w ith the above resu lts of T iO 2 f ilm , does the w avelength sh if t po ssess a

sim p le rela t ion to the rela ted pack ing den sity? T h is w ill be show n by the fo llow ing experi2
m en ts.

T he ca lcu la t ion m ethod is sim ila r to equat ion s (2)～ (4). W hen the th in film are expo sed

to a hum id atm o sphere, the w avelength sh if t of the th in film is rela ted to its ow n m icro struc2
tu re. Becau se the film index n in equat ion s (2)～ (4) is m easu red in a hum id atm o sphere, the

refract ive index nv is a funct ion of rela t ive hum idity,w ith

1. 0≤nv (r. h. )≤1133 (5)

In the experim en t, the am o rphou s T iO 2 th in film s, depo sited by IAD u sing differen t de2
po sit ion param eters, a re invest iga ted, and bo th of their ind ices are 2. 390 m easu red in vacuum

at w avelength of 550nm. If g iving a rela t ive bu lk index value of 2. 50 and u sing equat ion (2) ,

the rela t ive pack ing den sit ies are a ll 0. 9267. W hen expo sing the th in film s to hum id atm o2
sphere, the m easu red drif ted ind ices are 2. 390 and 2. 399, respect ively. It is reasonab le to as2
sum e the value of nv2 as 1. 33 w hen the w ater m o lecu le penetra tes the vo ids in the film. If
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rela t ive pack ing den sity is st ill ca lcu la ted by equat ion (2) , bo th of their rela t ive pack ing den2
sit ies are 0. 9060 and 0. 9137, respect ively. T h is resu lt show s tha t they have a differen t rela2
t ive pack ing den sity in vacuum and in hum id atm o sphere. T he reason fo r th is is tha t a ll the

vo ids are no t com p letely filled w ith w ater m o lecu les. T h is can be exp la ined by un ifo rm ity of

the m icro structu re. It is d iff icu lt to ca lcu la te the pack ing den sity by the above equat ion s be2
cau se the bu lk index value is assum ed, and the w ater m o lecu les canno t penetra te in to som e of

the m ocro2vo ids. T hu s, it is necessary to ana lyze and induce a facto r rela t ive to w ater so rp t ion

by m ean s of equat ion s (2)～ (4). R earranging equat ion s (2)～ (4) to

nb
′= (n i- nv i+ p nv i) öpw (6)

nb
′2= (2n i

2- 2nv i
2+ pw nv i

2
n i

2+ 2pw nv i
2) ö(pw n i

2+ 2pw - n i
2+ nv i

2) (7)

nb
′2= [ (1+ pw ) nv i

2
n i

2- (1- pw ) nv i
4 ]ö[ (1+ p w ) nv i

2- (1- pw ) n i
2 ] (8)

w here nb
′is the index of a part of f ilm w h ich has no t ab so rbed w ater yet; i= 1, n1 and nv1 are

respect ively the ind ices of the th in film and the vo id in vacuum ; i= 2, n2 and nv2 are the ind ices

of the th in film and vo id in a hum id atm o sphere respect ively, and pw is defined as den sity un i2
fo rm ity coefficien t rela ted to w ater. Fo r a m o re accu ra te ca lcu la t ion of the den sity un ifo rm ity

coefficien t, the index of the film in a hum id atm o sphere shou ld be m easu red after bo iling the

th in film in w ater o r com p let ing the hum idity test. Since a part of f ilm index is a con stan t va l2
ue bo th in vacuum and hum id atm o sphere, equa t ion s (6)～ (8) can be respect ively exp ressed

as

pw = 1-
n2- n1

nv2- nv1
(9)

pw =
4 (nv1

2n2
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2n1
2) - (4+ n v1
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2- A 1A 3

A 1
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w here　A 1= (nv1
2- nv2

2) (nv2
2+ n2

2) (n1
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A 2= (nv1
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2
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2
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4　Exper im en ta l, Results and D iscussion

Sh incron SX21100 ion2beam assisted depo sit ion ( IAD ) system w ith a d iam eter of 120

mm radio frequency type ion sou rce w as u sed fo r th is experim en t. A schem atic a lignm en t of

the cham ber is illu st ra ted in F ig. 1. T he sub stra te is BK7, abou t 30 mm in diam eter and 1 mm

th ick. T he physica l and op t ica l th icknesses are con tro lled w ith a quartz crysta l m on ito r and

the op t ica l m on ito r of reflectance m ode, respect ively. T he ca lcu la t ion of index in vacuum and

air is by m ean s of reflect ive op t ica l m on ito r. D u ring the depo siton, R F ion sou rce p rovided an

energet ic ion beam of oxygen excep t the EB depo sit ion. T he sub stra tes w ere p re2cleaned w ith

oxygen ion s of 500eV fo r 2 m inu tes befo re film depo sit ion. A s the ca lcu la t ion m odel, the T iO 2

th in film is adop ted. Its sta rt ing m ateria l is T i3O 5 and the p rocess param eters are summ arized
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in T ab le 1.

F ig. 1　Schem atic diagram of the ion2beam assisted depo sit ion apparatus

　　Table 1　　　T he p rocess param eters of T iO 2 sing le layer film s depo sited by

conven t iona l EB and IAD m ethods.

A nno tations in T ab. 2 & F ig. 2 Α b, c d , e f , g h i, j

Start ing m aterial: T i3O 5

U ltim ate p ressure (Pa) : ≤510×10- 4

Substrate temperature (℃) : 260 b, d , f , h> 150　　c, e, g , i, j < 150

O 2 partial p ressure (Pa) : (113～ 210)×10- 2

D epo sit ion rate (nm ös) : 016 011

Ion energy (eV ) : ⋯ 500

Ion curren t density (ΛA öcm 2) ⋯ 20 20 10, 20 20 20

Ratio of A r: O 2: ⋯ A r only 1∶1 1∶2 1∶5 O 2 only

　　 In case of the rela t ive bu lk index of 2. 50, the experim en ta l resu lts of T iO 2 th in film w ith

ind ices n1 and n2, depo sited by conven t iona l EB and IAD u sing differen t param eters, a re in sert

in equat ion s (2)～ (4) and (9)～ (11). T he resu lts of rela t ive pack ing den sity p and the den si2
ty un ifo rm ity coefficien t pw are listed in T ab le 2. T he anno ta t ion s on the n1 co lum n sign ify the

respect ive cro ss2sect iona l m icro structu res, taken by scann ing electron m icro scope (SEM ) , are

show n in F ig. 2.

V aop r depo sited film s have been found to have a co lum nar m icro structu re, show n in F ig.

2 (a) , resu lt ing from a low atom m ob ility. T he p resence of ion s has been found to increase the

a tom m ob ility, accelera te the nuclea t ion p rocess, thereby increasing the pack ing den sity of the

film s. Fo r p roving the im po rtance of den sity un ifo rm ity, a m ix tu re of oxygen atom s and argon

is in troduced to the bom bardm en t [ 8 ] [ 10 ]. Since the ion penetra t ion leads to d ifferen t vo id sizes

in the film , the pack ing den sity is dependence on the vo id size acco rd ing to equat ion (1). In
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　　　　　　　　F ig. 2　C ro ss2sectional mo rpho logies of T iO 2 film depo sited by IAD (excep t F ig. 2 (a)

depo sited by EB) w ith differen t p rocess param eters show n in T able 21

　　Table 2　Calcu la t ion of rela t ive pack ing den sit ies and den sity un ifo rm ity coefficien ts

rela ted to w ater so rp t ion of T iO 2 th in film , depo sited by conven t iona l EB

(first row ) and IAD (after f irst row ) m ethods u sing differen t p rocess

param eters.

p pw

n1 n2 Eqn. 2 Eqn. 3 Eqn. 4 Eqn. 9 Eqn. 10 Eqn. 11

21180a 21286 017867 018733 019008 016788 018573 019198

21216 21302 018107 018893 019137 017394 018867 019367

21251 2. 343 0. 8340 0. 9043 0. 9257 0. 7212 0. 8826 0. 9354

2. 300 2. 322 0. 8667 0. 9248 0. 9419 0. 9333 0. 9723 0. 9846

2. 309 2. 368 0. 8727 0. 9284 0. 9447 0. 8212 0. 9273 0. 9603

2. 318b 2. 356 0. 8787 0. 9320 0. 9476 0. 8849 0. 9531 0. 9743

2. 322c 2. 322 0. 8813 0. 9337 0. 9488 1. 0000 1. 0000 1. 0000

2. 342 2. 411 0. 8947 0. 9416 0. 9551 0. 7909 0. 9175 0. 9557

2. 349d 2. 380 0. 8993 0. 9444 0. 9572 0. 9061 0. 9626 0. 9797

2. 351e 2. 351 0. 9007 0. 9451 0. 9578 1. 0000 1. 0000 1. 0000

2. 360 2. 405 0. 9067 0. 9486 0. 9606 0. 8636 0. 9465 0. 9712

2. 363f 2. 402 0. 9087 0. 9498 0. 9615 0. 8818 0. 9536 0. 9750

2. 390g 2. 390 0. 9267 0. 9601 0. 9695 1. 0000 1. 0000 1. 0000

2. 390 2. 399 0. 9267 0. 9601 0. 9605 0. 9727 0. 9894 0. 9943

2. 399 2. 492 0. 9327 0. 9635 0. 9721 0. 7182 0. 8950 0. 9451

2. 436h 2. 436 0. 9573 0. 9773 0. 9826 1. 0000 1. 0000 1. 0000

2. 460 i 2. 500 0. 9733 0. 9859 0. 9893 0. 8788 0. 9561 0. 9771

2. 495 j 2. 495 0. 9967 0. 9983 0. 9987 1. 0000 1. 0000 1. 0000
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T ab le 2, the rela t ive pack ing den sity of the item w ith anno ta t ion from a to j increases w ith

the increase of their ind ices. T he den sity un ifo rm ity coefficien ts, how ever, a re no t dependen t

on their ind ices. F rom their m icro structu res show n in F igu re 2, the cro ss2sect iona l m o rpho lo2
gies of 2 (c) , 2 (e) , 2 (g ) , 2 (h ) , and 2 ( j ) show am o rphou s2like, and their den sity un ifo rm ity

coefficien ts equal 1. 0. O ther m o rpho log ies in F igu re 2 have a co lum nar st ructu re, and their

den sity un ifo rm ity coefficien ts are less than 1. 0 becau se w ater vapo r penetra tes in to the

vo ids betw een the co lum n s. T hu s, the den sity un ifo rm ity coefficien t is dependen t on the num 2
ber and the size of vo ids. If the size of the vo ids is less than tha t of w ater m o lecu les, the w ater

penetra t ion phenom enon w ill no t occu r. Since the reso lu t ion pow er of SEM is no t enough to

revea l the m icrst ructu re dow n to a sca le of severa l nanom eters, it is d iff icu lt to d ist ingu ish

the structu ra l d ifferences am ong F igu res 2 (c) , 2 (e) , 2 (g ) , 2 (h ) , and 2 ( j ). T h is is w hy the

film , w ith an index less than tha t of p w < 110, can ob ta in a den sity un ifo rm ity coefficien t equal

to 1. 01

5　Conclusion s

T ab le 2 show s the character tha t the rela t ive pack ing den sity of the th in film depends on

its index and the w ater so rp t ion depends on the den sity un ifo rm ity coefficien t. Perm eat ion of

w ater is cau sed by som e m icro structu res in film , and it depends on the den sity un ifo rm ity co2
efficien t rela t ive to w ater and no t on the pack ing den sity in som e cases. Since there is a rela2
t ion sh ip betw een structu re den sity and m icro structu ra l p roperty, the m o rpho logy of th in film

strongly affects bo th the pack ing den sity and den sity un ifo rm ity coefficien t. T h is is especia lly

t rue fo r the rela t ive pack ing den sity and den sity un ifo rm ity coefficien t of the th in film s, fo r

roughness,w ater so rp t ion and diffu sion behavio r, op t ica l behavio r such as drif t of index, and

fo r m echan ica l p ropert ies such as rela t ively h igh stresses.
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